1'Introduction
In a previous paper, the present authors have demonstrated the effectiveness of leaching of molybdenum concentrate by electro-oxidation in alkaline and acidic NaCl solutions (Darjaa et al., 1999) . This paper included discussion for oxidizer production in detail, and the mechanism of leaching reaction during the process, which can be explained by the 18 electron transfer reaction of molybdenite (MoS 2 ) with the oxidizers produced in-situ by electrolysis of NaCl aqueous solution.
Further studies were made with respect to various process parameters for electro-oxidation such as pH, pulp density and temperature of the slurry, and the dissolution behavior of minor elements such as iron, copper, and rhenium (Darjaa et al., 2000) . This work also studied solubilities of molybdenum in the leach solution at various temperatures and pH, and demonstrated feasibility of molybdenum recovery by hydrolysis of molybdenum species. By adjusting the pH of the leach solution, molybdenum oxides or hydroxides free from sulfur were successfully obtained from the solution containing large amount of sulfate ion. Rhenium present in the concentrate at a level of several tens of mass ppm was found to dissolve into the leach solution, and co-precipitate with the molybdenum compounds. Rhenium in the leach solutions, therefore, has to be recovered before precipitation of molybdenum, otherwise it is lost in the precipitate.
In the past, electro-oxidation using a bipolar cell was applied for leaching molybdenite concentrate and ores at U. S. Bureau of Mines (Lindstrom and Scheiner, 1973; Scheiner et al., 1976 Scheiner et al., , 1979 and also at Bhabha Atomic Research Center (Gupta, 1992) . In these previous studies, Moebious type bipolar cell, in which electrode plates were vertically inserted into the free surface of the electrolyte, was employed and its effectiveness was demonstrated.
In the present study, recovery of rhenium from the leach solution obtained by electro-oxidation of molybdenum concentrate was examined using a vertically piled stack type cell. Laboratory scale apparatus using a single electrolytic cell is useful for understanding chemical reactions. However, it is not suitable for monitoring the behavior of trace rhenium contained in the concentrate at ppm level. A bipolar elecro-oxidation cell was newly constructed in this study with the purpose of increasing reaction rate of leaching of concentrate.
2'Experimental

2V1̙Electro-oxidation experiment using a bipolar electrolytic cell
The molybdenum concentrate used in this study was ob- With the purpose of extracting rhenium from molybdenum concentrate, electrolysis of slurry, prepared by mixing molybdenum sulfide concentrate and 10 mass% NaCl aqueous solution, was carried out at 1 A, 313 K. The slurry was continuously circulated into a vertical type 10 stack bipolar electrolytic cell consisted of carbon electrode disks, and the concentrate was dissolved by electrochemically generated oxidizers. The current efficiency for molybdenum dissolution was 73 % after 10 hours electrolysis, and the leach solution was found to contain 0.2 mol / l of molybdenum and 4 b 10 Ĳ 5 mol / l rhenium. This result shows the dissolution speed is more than 8 times faster than that obtained using a single cell at applied current of 1 A. Prior to rhenium separation from the leach solution, preliminary experiments for rhenium extraction by MEK (Methyl-ethyl-keton) were carried out using synthesized test solutions having similar composition. The behavior of molybdenum, rhenium, and sulfur was investigated for examining the extraction conditions and efficiency. The leach solution obtained by electro-oxidation was then subjected to a solvent extraction experiment, and rhenium present at several tens of mass ppm in the concentrate was enriched to more than 1,000 times, and recovered as sulfides. After rhenium separation, molybdenum was recovered by precipitation after changing pH of the solution. KEY WORDS : Rhenium, Molybdenum Sulfide, Electro-Oxidation, Separation and Recovery, Bipolar Electrode tained from Erdenet Mine of Mongolia, which contains 95 % MoS 2 . The average particle size of the concentrate was 74 mm. Major impurities are iron and copper in the level between 1 and 2 mass%, and it also contains about 40 mass ppm of rhenium. The morphology and detailed chemical composition of the concentrate are given in the previous paper (Darjaa et al., 1999) . Figure 1 provides schematic drawing showing the principle of electro-oxidation leaching of molybdenum concentrate. The slurry, consisting of a mixture of the concentrate and 10 mass% NaCl aqueous solution, is subjected to electrolysis. During electrolysis of the solution, oxidizers such as ClO Ĳ are produced on the anode. The concentrate particles are oxidized by the electrochemically produced oxidizers, and dissolve in the solution. Detailed discussion of generation of oxidizers and chemical reactions during electro-oxidation are presented in a previous paper (Darjaa et al., 1999) .
The electrochemical cell used for electro-oxidation of the concentrate used in this study is illustrated in Fig. 2 . In the previous studies, a Moebius type single electrolytic cell, having one set of vertically inserted anode and cathode into free surface of electrolytes, was used for electro-oxidation. In the present study, a vertical type 10 stack bipolar electrolytic cell was newly designed and constructed for continuous slurry flow through the cell and for increasing concentrate leaching speed. General features of the bipolar electrochemical cell are already given elsewhere (Carl et al., 1998; David, 1977) .
In this cell, oxidizers were produced by electrolysis of the NaCl solution in the each compartment of the cell separated by carbon electrodes, and leaching of molybdenum concentrate was carried out. The carbon electrode used in this study is a high purity graphite disk machined to 44 mm diameter and 10 mm thickness with a 5 mm diameter hole at the center. Detailed dimensions of the electrode are shown in Fig. 2 (b) . Nine carbon electrodes inserted between anode and cathode, which are also made of carbon disks, are acting as bipolar electrodes. Therefore, the cell shown in Fig. 2 (a) is, in theory, identical to the serial connection of ten sets of single electrolytic cells. The individual electrode was separated by o-rings to about 5 mm distance, and cell stack was placed in a 320 mm height acrylic cylinder, and then isolated from air by an o-ring sealed gastight acrylic flange and rubber plugs. The slurry was circulated by a roller pump (EYELA, RP-1000) at a rate of about 1 l / min. It is worth noting that hydrogen gas bubbles generated during electrolysis act as an insulator when passing through the hole of electrode. This insulation mechanism by bubbles prevents short circuiting of the cell compartments connected in series, and increases the overall current efficiency for bipolar electrolysis. It was for this reason that the vertically piled cell stack configuration was employed in this study.
The experimental conditions of this study are shown in Table 1 . Either 25 or 50 g of concentrate was slurried with 10 mass% NaCl solution, and the solution pH was adjusted to 10 by adding NaOH aq. solution. During the electro-oxidation experiments, either a constant 0.5 or 1 A (about 670 A / m 2 vs. anode surface) current was applied to the cell using a D.C. supply unit (Hewlett Packerd, 6038A). The temperature of the cell was controlled at 313 K using a digital hot plate / stirrer (Iuchi Co. Ltd., PM-730). The cell stack voltage, pH, and oxidation-reduction potential (ORP) of the solution were monitored during experiment. The pH and ORP were measured at an outlet port of the roller pump. The experiments were conducted for 10 hours, and 5 ml of the solution-suspention was intermittently drawn for chemical analysis. Chemical analysis of the solution was carried out by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis (Parkin Elmer, Optima 3300SYS). 
2V2̙Rhenium extraction
The simplified flowsheet of electro-oxidation processing of molybdenum concentrate for separation of molybdenum and rhenium is shown in Fig. 3 . (Note : difference can be seen from Fig. 3 in the previous paper by Darjaa et al., 2000) After electro-oxidation, the slurry was filtrated using a vacuum filtration unit. The filtrate was then subjected to rhenium recovery from leach solution by methyl-ethyl-ketone (MEK). Molybdenum was also recovered by hydrolysis precipitation from the leach solution.
Prior to rhenium separation from the leach solution, some preliminary experiments for recovering rhenium using MEK were carried out using synthesized test solutions with compositions similar to the leach solutions. The test solutions were made from rhenium standard solution, molybdic acid, and sulfuric acid. Appropriate extraction conditions and efficiency were determined by molybdenum, rhenium, and sulfate concentration before and after the solvent extraction.
The method developed by one of the authors (Darjaa, 1983; Davaasuren et al., 1985) , was employed in this study for extracting rhenium by MEK from the leach solution. The leach solution after filtration was transferred to a 500 ml dropping funnel, and then 5 M NaOH and MEK were added into solution with volume ratio 1 : 1 : 1, and vigorously mixed for 1 min for rhenium extraction. After phase separation for 15 minutes, aqueous phase was transferred into a beaker and subjected to procedures for molybdenum recovery. The organic phase loaded with rhenium in the funnel was twice rinsed with 5 M NaCl solution. The volume of the rinsing solution was adjusted to the same volume of the organic phase. Rhenium in the organic phase was then stripped into aqueous phase using chloroform as a modifier. Volume ratio of MEK, chloroform and water was 2 : 2 : 1, mixed for 1 min for the back-extraction. After 45 min settlement for phase separation, an aqueous phase was transferred to a beaker. The aqueous solution was then heated at 363 373 K to evaporate the dissolved chloroform. The solution was cooled, and ammonium sulfide was added to form 2M (NH 4 ) 2 S solution, and then rhenium was recovered as a rhenium heptasulfide (Re 2 S 7 ) precipitate by adding HCl solution to form 6 M HCl solution. For preventing the formation of elemental sulfur during the precipitation process, and also for increasing the precipitation rate of rhenium, (NH 4 ) 2 SO 4 was added to the solution to form 20 25 mass% solution, then heated at 373 K for 20 min. The precipitate was filtrated and washed by alcohol and water, dried at 353 363 K, and cooled in vacuum dessicator.
2V3̙Molybdenum recovery
Precipitation of molybdenum from leach solution after solvent extraction of rhenium was carried out by adjusting the pH of the solution. Before separation of molybdenum from the leach solution, trace MEK remaining in the solution was eliminated by heating the solution at 353 373 K. Fig.4 represents the pH dependence of molybdic acid solubility in 10 mass% NaCl solution at various temperatures. Details were given in the previous study (Darjaa et al., 2000) . As shown in this figure, the solubilities of molybdenum show a minimum around pH = 2, and then radically increase with a rise of pH toward alkaline solution. At pH values higher than 4.5, solubility of molybdenum apparently increases with increasing temperature. These results indicate that higher temperature is preferable for dissolving molybdenum at pH higher than 4.5. Furthermore, it is worth noting that the solubility of molybdenum is lower than 0.05 mol / l at pH = 2, and almost independent of temperature within the range of the present analysis.
The solubility curves shown in Fig.4 suggest that precipitation of molybdenum from the leach solutions by changing pH from alkaline (pH > 6.5) to 1 3 is effective in the temperature Fig. 4̙Molybdenum recovery from leach solution by precipitation using solubility difference. range considered in this study. Furthermore, precipitation directly from the leach solution by changing temperature is feasible in principle. However, this method was not employed because it is easier to control pH rather than temperature with the apparatus used in this study. Molybdenum recovery by precipitation was conducted in a 100 ml beaker equipped with pH meter and automatic infusion pump (Nipro, FP-950) for concentrated HCl solution supply. After changing pH of the solution to acidic around pH = 1, the solution was heated to 343 353 K by stirring with a glass stick until the solution become opaque. The solution was allowed to stand for 1 2 hours for cooling to room temperature. Resultant precipitate was dried in a vacuum dryer (Vacuum Drying Oven, Iuchi DP 33) at 473 K. Chemical analysis of the leach solution before and after precipitation was carried out by ICP-AES. The composition of the obtained precipitate was analyzed by X-ray fluorescence analysis (XRF) and ICP-AES, and phases in the sample were identified by X-ray diffraction analysis (XRD). The solid samples were observed by scanning electron microscopy (SEM) after drying.
3'Results and Discussion
3V1̙Electro-oxidation of molybdenum concentrate Figure 5 shows the change of molybdenum, sulfate and rhenium concentration in the solution during electro-oxidation leaching at 313 K. The change of molybdenum concentration using either bipolar cell or single cell is illustrated in Fig.5 (a) with the calculated maximum according to following reaction.
The results of Fig.5 clearly indicate that the leaching speed of the molybdenum concentrate using the bipolar cell is obviously faster than that using single cell. When the applied current doubled from 0.5 A to 1 A, rate of molybdenum dissolution increased two times. The solid and broken lines denote the calculated values for concentration of molybdenum at 0.5 and 1 A, respectively, according to Eq. (1). During electro-oxidation, the electron in the right side of the Eq. (1) is consumed by reduction of electrochemically generated oxidizers such as ClO 3 Ĳ , and oxidative dissolution of MoS 2 occurs. Detailed discussion of electrochemical generation of the oxidizers is given in the previous paper (Darjaa et al., 1999) . Although the results for single cell experiments correspond well with the calculated lines both in 0.5 and 1 A cases, the results from bipolar experiments appear to be about 30 % lower than the calculated lines. This loss is probably due to reduction of the oxidizers. Some part of oxidizers could be reduced on the cathode surface because the cathodes were not separated from the slurry. They were placed 5 mm above the anodes in each cell stack. Figure 5 (b) and (c) show the change of sulfate and rhenium concentration in the leach solution during electro-oxidation. The sulfate ion concentration in the solution increased linearly with time, keeping the molybdenum to sulfur molar ratio, Mo / S, at 1 / 2, which reflects stoichiometric dissolution of MoS 2 during electro-oxidation. At the end of the bipolar experiments, a few mg of rhenium was found to be extracted into the leach solution. The stoichiometry of rhenium dissolution is not observed in the results shown in Fig.5 (c) . As the rhenium content in the concentrate was extreamely low, it is difficult to discuss this non-stoichiometric dissolution behavior at this stage. Although the amount of rhenium present in the solution was small, this can be recovered as precipitate after enrichment by solvent extraction as stated below. It may be noticed that the ORP of slurry was almost constant at about 1 V during the electro-oxidation experiments at 1 A, but the values at 0.5 A condition were slightly lower ( 0.2 V) than that at 1 A conditions. Table 2 gives some representative results of electro-oxidation of molybdenum. The terminal voltages observed in the bipolar cell experiments fluctuated heavily between 30 and 50 V during electrolysis, and it was difficult to determine the average value. Nevertheless the measured value can be estimated to be 3 to 5 V per cell, which is reasonable when considering the materials and configuration of the cell assembly. The high terminal voltages observed during electrolysis show that the newly de- bubble insulation employed in this study was effective. The current efficiencies for molybdenum leaching, calculated from the analyzed concentration of molybdenum in the leach solution and the theoretical values using Eq. (1) are shown in the last column of the Table 2. One can see that the current efficiencies for bipolar cell were about 70 %. This is about 20 % lower than in the single cell experiments. However, the overall dissolution speed for molybdenum is found to be about 8 times faster than that for the single cell experiments.
3V2̙Rhenium and molybdenum separation and recovery
The results of rhenium extraction from the synthesized solution by the solvent extraction method are summarized in Table 3 . The concentration of rhenium in the test solution is about the same order as that present in the obtained leach solution. As shown in Table 3 , e.g. Exp. #7, rhenium can be selectively recovered from the initial test solutions which contained 1,000 and 500 times more molybdenum and sulfate than rhenium. The co-extracted molybdenum and sulfur in this case were found to be 1.7 and 1.2 times mass amount with respect to rhenium. Almost equal amounts of rhenium, molybdenum and sulfur were obtained after solvent extraction for all experimental conditions. This result shows that rhenium can be extracted into the organic phase with more than 80 % efficiency, leaving majority of molybdenum and sulfate in the solution. Molybdenum and sulfate ion extraction rate is estimated to be of the order of 0.1 %, giving very high selectivity for rhenium. On the basis of these results the same procedures were employed for rhenium separation from leach solutions obtained after electro-oxidation experiments. Table 4 shows the results for molybdenum precipitation from test solutions after changing the pH of the solution from alkaline to acid. Recovery of sulfur free molybdenum was confirmed by XRF analysis. It should be noted that the results for ICP analysis of the precipitate are given in a previous paper (Darjaa et al., 2000) . Figure 6 shows SEM images of the precipitate obtained after vacuum drying. Fig.6 (a) and (b) correspond to the molybdenum-bearing crystal obtained from the leach solution (Exp. #3) and to that after rhenium extraction (Exp. #5), respectively. In both cases, the precipitates are found to have an hexagonal crystal structure. Similar morphology was observed for the precipitate obtained from leach solution without rhenium separation (Darjaa et al., 2000) .
The X-ray diffraction patterns of the crystals obtained from the leach solution (Exp. #1) and synthesized test solution (Exp. #5) are shown in Fig.7 (a) and (b) , respectively. The crystals were detected to be a mixture of MoO 3 and MoO 3 Vx H 2 O in both cases. On the other hand, neither sulfate salt nor NaCl were observed in the obtained sample.
SEM images of the rhenium precipitate after vacuum drying are given in Fig.8. Figure 8 (a) and (b) correspond to samples obtained by solvent extraction of rhenium from the leach solution (Exp. #3) and that from synthesized test solution (Exp. #5), respectively. Very fine powder was obtained in both cases. XRD analysis suggested an amorphous form. Table 5 shows the analytical results and extraction ratios for the molybdenum and rhenium precipitates obtained from the leach solutions. The results from the test solution were also listed for reference in the last column. The yield of molybdenum recovery was about 60 % in the precipitation condition employed in this study. The lean solution still containing molybdenum can be returned to bipolar electrolysis. Furthermore, the yield can be increased by increasing the content of molybdenum in the leach solution if necessary. Rhenium was recovered as its sulfides at a high yields around 90 %. It should be noted in this table that elements with mass numbers less than 16 are excluded in this chemical analysis for the precipitates by XRF. Large uncertainties should also be stressed for analytical values especially for rhenium precipitates.
The present results clearly indicate that bipolar electrooxidation of molybdenum concentrate followed by rhenium extraction with MEK and molybdenum precipitation by pH adjustment is quite feasible using a simple apparatus operating at ambient temperature. This process can be applied even in a place where the strong oxidizers are not available from industrial chemical plants, so as to develop an on-site extraction process adjacent to a mining site.
4'Conclusions
Electro-oxidation of molybdenum concentrate using a bipolar electrolytic cell has been tested using a newly designed vertical type 10 stack bipolar cell. Electrolysis of slurry of molybdenum sulfide concentrate and aqueous NaCl solution were carried out at 1A and 313 K.
The current efficiency for molybdenum dissolution was 73 % after 10 hours electrolysis. The resulting leach solution was found to contain 0.2 mol / l molybdenum and 4 b 10 Ĳ 5 mol / l rhenium, respectively. This bipolar cell result also shows a high dissolution speed, about 8 times faster than a single cell electrooxidation for the same applied current, indicating its validity and usefulness.
Rhenium recovery from the leach solution by solvent extraction using MEK followed by sulfide precipitation was also investigated, and reasonable operation conditions were found for obtaining rhenium sulfide. Rhenium present at several tens of mass ppm initially in the concentrate was enriched to more than 1,000 times by this procedure. After rhenium separation, molybdenum could be recovered by precipitation after hydrolysis of the molybdenum entities. 
